d-a-Tocopherol (vitamin E, a-Toc) is a biological antioxidant that is currently receiving attention concerning its efficacy in preventing and reducing oxidative stress.
Another way to solubilize a-Toc is by the use of surfactants. Increased solubility and bioavailability can be expected by solubilizing a-Toc with deoxycholic acid and related steroids. In the course of this study, we were confronted by a problem of coloration of the solutions on standing, probably due to autooxidation of a-Toc.
In order to clarify this phenomenon, the process of oxidation of a-Toc by oxygen was monitored in water solutions of a surfactant by HPLC with a multi-wavelength UV-visible detector. Among many compounds present in the solutions, two products with absorption at visible wavelengths were separated. They were isolated and purified by preparative chromatography and characterized. They were concluded to be responsible for the coloration.
Formation of oxidized products was studied in solutions of a-Toc solubilized with sodium deoxycholate (DOC), sodium cholate (CO), and 2,6-di-O-methyl-b-cyclodextrin (DMCD). The rates of oxidation and the yields of the products were greatly dependent on the solubilizing agents and other conditions. The present paper describes these results in detail.
Results and Discussion
Oxidation Products with Absorption at Visible Wavelengths a-Toc (5ϫ10 Ϫ3 M) was dissolved in 10% aqueous DOC and kept for 24 h at 80°C under occasional oxygen bubbling. The multi-wavelength HPLC chromatogram shown in Fig. 1 was obtained by injecting a sample of the solution, which indicated that a number of products were formed. The chromatogram had two separate peaks with absorptions in the visible region at retention times of 20.6 min (A) and 19.9 min (B), along with several peaks absorbing in the UV region. Fig. 1 also shows chromatograms monitored at 267, 292 and 386 nm. One of the UV-absorbing peaks was assigned to a-tocoquinone (a-TQ) by comparison with authentic substance. Absorption spectra corresponding to peaks A and B shown in Fig. 2 had absorption maxima at 384 nm and 386 nm, respectively. No other product had visible absorption.
The reaction mixture containing visible-absorbing substances was extracted three times with hexane and the extract was submitted to preparative thin-layer chromatography (TLC). Six spots were present at Rf values of 0.25, 0.34, 0.41(a-TQ), 0.50(A), 0.59(B), and 0.72. The spots for A (Rf 0.50) and B (Rf 0.59) were separated and extracted with ether. The ether solutions were evaporated and the residues were further purified by preparative HPLC. The spectral data of the isolated compounds are listed in Table 1 . From the data, compounds A and B were identified as 5-formyl-7,8-dimethyltocol (1) and 7-formyl-5,8-dimethyltocol (2), respectively . 7, 8) Purification of the TLC spot at Rf 0.41 gave a-TQ. There are three reports that have described 1 and/or 2 in the literature. Ishikawa 8) showed that a-Toc gave these compounds by the reaction with trimethylamine N-oxide at 180°C in liquid paraffin under N 2 for 2 h. Suarna and coworkers 9) reported that oxidation of a-Toc with tert-butylhydroperoxide afforded 1 in ethanolic chloroform at 60°C for 3 h. Molnar and Koswig 10) reported that 1 was formed by girradiation of a-Toc in chloroform. The present results are the first to show that the methyl groups of a-Toc are oxidized to a formyl group under very mild conditions such as air oxidation in water.
Determination of a a-Toc and the Oxidation Products a-Toc was dissolved in 10% DOC, CO or DMCD aqueous solutions at 5ϫ10 Ϫ3 M. The solutions were incubated in a thermostated bath under bubbling of oxygen. Samples were withdrawn at predetermined intervals and a-Toc, a-TQ and 1 were determined by analytical HPLC. Only a trace amount of 2 was formed under the conditions of the present study.
HPLC determination was established for a-Toc, a-TQ and 1. Calibration curves between the peak areas and the concentrations were obtained from the standard solutions of known concentrations. They were linear in the ranges of 2.75ϫ 10
Effects of Reaction Temperature
The oxidation reaction was carried out at 80°C, 60°C, and 40°C using DOC solution at 5ϫ10
Ϫ3 M . Figure 3 shows the consumption of aToc, and the formation of 1 and a-TQ at various temperatures. The oxidation reaction became faster at higher temperature. The amount of 1 formed was about seven times more than that of a-TQ at any temperature. The change in the reaction temperature did not significantly affect the ratio of the two products.
Effects of Solubilizing Agents and pH The reaction was followed in solutions solubilized by DOC, CO, or DMCD. Though the rates of consumption of a-Toc were almost the same both in 10% DOC and in 10% CO solutions, the ratio of the product was different, as shown in Fig. 4 . In both solutions, 1 was the main oxidation product, whereas a-TQ, a well-known oxidation product of a-Toc, was formed in only trace amounts in CO solution. The pH's of 10% DOC and 10% CO solutions were 8.3. When pH was raised to 10 in DOC and CO solutions, the rates of oxidation of a-Toc and formation of 1 were enhanced and 1 formed at an early stage disappeared later. The results suggest that dissociation of the proton from the phenol group of a-Toc should be the predominant path for the formation of 1, and that 1 once formed, undergoes further oxidation. The yield of a-TQ was reduced in these solutions, which shows that the reaction paths toward 1 and a-TQ were different processes.
The reaction was carried out at 45°C with a DMCD solubilized solution, since DMCD becomes insoluble at higher temperatures. In 15% DMCD solution (pH, 3.2), 1 was not formed in a detectable amount and much more a-TQ was produced than in DOC and CO solutions, as shown in Fig. 5 . In order to investigate the effect of pH in DMCD solution on formation of 1, the pH was raised to a pH comparable to DOC and CO solution. The amount of a-TQ formed was increased in DMCD solution at pH 8.1. The formation of 1 was also unobservable in the solution at elevated pH. The difference in the products in DOC and DMCD solutions may be due to the different inclusion properties toward a-Toc.
Isotope Effect The reactions of a-Toc with oxygen were examined in a deuterium oxide (D 2 O) solution of DOC at 80°C and compared with those in H 2 O solution. The results are summarized in Table 2 . The yields of 1 in D 2 O were almost two fifths of those in H 2 O 4 h after the initiation of the reaction. This suggests that hydrogen abstraction from the hydroxyl group of a-Toc is involved in the formation of 1.
Implications for the Reaction Mechanism Though many chemical studies have been reported on a-Toc in water, [11] [12] [13] [14] [15] [16] [17] [18] [19] most were concerned with its antioxidant activity and payed little attention to the oxidation products. Most re- ports dealing with the products regarded a-TQ as the major product. The present study showed that oxidation of a-Toc by oxygen in aqueous DOC solution gave 1 as the main product rather than a-TQ. The acceleration of the reaction at high pH, and the deuterium isotope effect suggest that deprotonation or dehydrogenation of the OH group at the C-6 position were involved as a rate determining step. (Chart 1) The anionic species of a-Toc (3) may be rapidly oxidized by oxygen to form the dehydrogenated species, a phenoxyradical (4). As shown in Chart 1, we assume two paths for transformation of the radical (4), one of which leads to 1 and the 926 Vol. 47, No. 7 Chart 1 other to a-TQ. To form a-TQ, 4 must undergo oxygen addition at the 8a position and be followed by ring opening. DOC might protect the 8a position of a-Toc from oxygen oxidation by inclusion and 4 might adopt an alternative pathway, in which a hydrogen is abstracted from the methyl group at C-5 and oxygen oxidation at the group leads to 1. The mode of inclusion of the solubilizing agents should affect the path and hence the oxidation products. Studies are in progress to solve this problem.
Experimental Procedure a-Toc was dissolved in 10% DOC, CO or DMCD aqueous solutions at a concentration of 5ϫ10 Ϫ3 M. The solution was filtered with a membrane filter and the filtrate was kept in the dark in a bath thermostated at 40, 45, 60, or 80°C. Oxygen was bubbled into the solution for 3 min every hour. Samples were withdrawn at intervals and a 50 ml volume was injected into the HPLC equipped with a multi-wavelength UV-visible detector. Preparative TLC Conditions Silica gel 60F 254 (layer thickness 2 mm), developing solvent : n-hexane : (C 2 H 5 ) 2 O (9 : 1).
Spectral Measurements 1 H-and 13 C-NMR spectra were measured with a JEOL a-500 spectrometer. Mass spectra were recorded on a JEOL JNM-GX270 spectrometer. IR and UV spectra were measured with a JASCO FT/IR-5300, and Shimadzu UV-240 UV-visible recording spectrometer, respectively.
